C hronic disease is the leading cause of death and disability in the United States. 1 Poor nutrition, sedentary lifestyle, tobacco use, and excessive consumption of alcohol are the major modifiable risk factors for chronic diseases. 1 Adherence to chronic disease prevention guidelines for physical activity, obesity, diet, and alcohol consumption is low among Americans. In 2015, more than half of adults did not meet recommendations for physical activity and consumption of fruits and vegetables. 2 Previous studies have shown that nonadherence to chronic disease prevention guidelines for obesity, diet, physical activity, and consumption of alcohol were associated with higher all-cause mortality. [3] [4] [5] Undergoing regular cancer screening and receiving timely treatment reduce cancer mortality, 6 but adherence to cancer screening guidelines are below targets set in the Healthy People 2020 initiative. 7 Nonadherence to chronic disease prevention guidelines has been found to be associated with nonadherence to cancer screening guidelines. 8, 9 For example, lower levels of adherence to breast cancer screening guidelines have been reported among current and former smokers 9 as well as among obese women. 10 Moreover, women who did not have a usual source of care 11, 12 or who underused preventive health services 8 had lower adherence to cervical cancer screening recommendations. Given the association of nonadherence to disease prevention guidelines and increased all-cause mortality, it is of interest to study the association of adherence to preventive health interventions and mortality. The Prostate, Lung, Colorectal and Ovarian (PLCO) Cancer Screening trial was a large trial of screening for these 4 types of cancers. The objective of this study was to evaluate the association between nonadherence to PLCO Cancer Screening trial tests and mortality, specifically, mortality unrelated to cancers studied in the PLCO Cancer Screening trial. Deaths from cancers studied in the PLCO Cancer Screening trial were excluded because we are trying to ascertain whether nonadherence to medical tests (ie, missing screenings for cancers studied in the trial) is associated with increased mortality from causes unrelated to diseases that the test is assessing. If so, this finding would indicate that there may be a behavioral pattern of nonadherence to medical tests, and possibly medical treatments, that is associated with increased overall mortality.
Methods

PLCO Cancer Screening Trial Design
The design and methods of the PLCO Cancer Screening trial have been described. 13, 14 Briefly, randomization at 10 US screen- Screening tests included chest radiographs and flexible sigmoidoscopy for both men and women, prostate-specific antigen and digital rectal examination for men, and cancer antigen 125 tests and transvaginal ultrasound for women. All tests except flexible sigmoidoscopy were performed annually, at baseline, and for 3 (transvaginal ultrasound, digital rectal examination, and chest radiographs) or 5 (prostatespecific antigen and cancer antigen 125) more years. Flexible sigmoidoscopy was performed at baseline and year 3 or 5. Participants and their physicians were notified in writing of any suspicious, abnormal results found on screening. The diagnostic process after positive results of the screening was managed by participants' primary care physicians and not dictated by the trial.
The original analysis period for the PLCO Cancer Screening trial was from randomization through 13 years of follow-up or December 31, 2009, whichever came first.
14 For this period, deaths were primarily ascertained through a mailed annual study update questionnaire, with next of kin notifying the trial of deaths, which were verified by obtaining death certificates; searches of the National Death Index were also used to ascertain deaths. Starting May 18, 2011, participants were re-consented to a centralized follow-up process involving mainly passive linkages with cancer registries and the National Death Index. 15 Participants re-consenting to further follow-up were linked to the National Death Index and were followed up for this analysis until December 31, 2012, or date of death, whichever came first. For those refusing further followup, because they had to actively refuse and thus were known to be alive at that time (generally from mid-2011 until mid-2012), their end of follow-up was their refusal date or December 31, 2012, whichever came first.
Statistical Analysis
Statistical analysis was conducted from November 24, 2017, to August 29, 2018. The purpose of this analysis was to assess the association between adherence to baseline screening and subsequent mortality from causes unrelated to the screening. Figure 1 shows the analysis cohort for this study. To reduce the likelihood of reverse causation bias, we excluded the minority of participants who had dual, as opposed to standard, consent. In standard consent, participants consented to trial participation and were then randomized. In contrast, in dual consent, participants provided initial consent for only the baseline questionnaire, followed by, for those so consenting, randomization into the trial and subsequent consent for screening. Since participants with dual consent did not initially consent to undergo screening, they could have had a prior condition preventing them from undergoing screening and also predisposing them to mortality, thereby inducing a reverse causation bias. In addition, women with no ovaries were also excluded; they may have had differential mortality owing to their ovary status and additionally differential adherence because they were offered fewer tests (they were not offered screening for ovarian cancer).
The cohort was divided into baseline fully adherent participants (adherents) who received all sex-specified screening tests for the PLCO Cancer Screening trial at baseline, partially adherent participants (partial adherents) who received some but not all baseline tests, and nonadherent participants (nonadherents) who received no tests at baseline.
To further reduce the possibility of reverse causation bias, follow-up for mortality began 1 year from randomization, and participants dying (or becoming lost to follow-up) within 1 year were excluded from the analysis. By definition, all baseline screening examinations had to be performed within 1 year; therefore, follow-up for this analysis began after baseline adherence status was already defined. Deaths from cancers studied in the PLCO Cancer Screening trial (prostate, lung, colorectal, and ovarian cancers) were excluded, with participants censored at the time of such deaths.
Mortality rates were computed as the number of deaths over person-years of follow-up. Cox proportional hazards regression models were used to analyze the association between mortality and adherence status, controlling for covariates. The base model (model 1) included only age (5-year groups), sex, and race/ethnicity (non-Hispanic white vs other) in addition to baseline adherence status. Model 2 included the above variables plus the following factors related to mortality risk or health behavior: cigarette smoking (never, former, or current), body mass index (BMI; calculated as weight in kilograms divided by height in meters squared: <18.5, 18.5-29.9, 30-34.9, and ≥35.0), marital status (married or living as married or not), educational level (college degree or not), and number of major comorbidities (0, 1, or ≥2). Major comorbidities were those included in the PLCO Cancer Screening trial modified Charlson Comorbidity Index score and included coronary heart disease or myocardial infarction, stroke, type 1 or 2 diabetes, history of cancer, chronic obstructive pulmonary disease, and liver disease (cirrhosis or hepatitis).
14 Models were run for various time periods from randomization through 15 years. Dummy variables for the above covariates were used to indicate unknown status. As a sensitivity analysis, a "complete case" analysis was performed in which only participants with no missing covariates were included in the models. To put the effect of adherence status in perspective, we also ran model 1 for a variety of behavioral and health status factors, controlling only for age, sex, and race/ethnicity. To assess whether the effect of adherence status varied by sex or age, we ran stratified analyses and tested for interactions of adherence status with age and sex. The above models were also run for specific causes of death based on broad International Classification of Diseases, Ninth Revision categories. Participants dying of a different cause than the one of interest were censored at their date of death for these analyses. The regression models were created with SAS, version 9.4 (SAS Institute Inc). Figure 1 shows the eligibility criteria for this analysis, which resulted in 64 567 of 77 443 total intervention arm participants being included. Of the 64 567 participants, 35 030 were men and 29 537 were women, with a mean (SD) age of 62. 
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Hispanic white, college educated, and married and more likely to be a current smoker. Nonadherents had higher rates of missing covariate data (20%-25%) than the other groups (<2%). The median time from randomization to baseline screening among full adherents was 34 days (25th percentile, 21 days; 75th percentile, 56 days; and maximum, 332 days) and among partial adherents was 41 days (25th percentile, 25 days; 75th percentile, 69 days; and maximum, 330 days). Partial adherents completed a mean of 2.9 of 4 possible tests; 74% of partial adherents missed only sigmoidoscopy. Through 15 years of follow-up, there were 7966 deaths (excluding those from PLCO Cancer Screening trial cancers) among the full adherents, 449 deaths among the partial adherents, and 1395 deaths among the nonadherents, giving mortality rates (per 10 000 person-years) of 116.3 for full adherents, 145.0 for partial adherents, and 168.3 for nonadherents. Figure 2 shows mortality rates adjusted for age, sex, and race/ ethnicity for these groups over various time periods. For each period, rates were lowest for full adherents and highest for nonadherents, with partial adherents intermediate. Table 2 shows the results of the Cox proportional hazards regression models. Hazard ratios (HRs) for nonadherents (vs full adherents) were statistically significant at each time period (1-5, 1-10, and 1-15 years) for both model 1 and 2, with HRs Table 3 shows model results for specific causes of death. Through 10 years, deaths from respiratory diseases and digestive diseases had the highest HRs for full nonadherents in both model 1 and 2. In addition to respiratory and digestive diseases, the HR for nonadherents was significantly elevated in both models for cancer and cardiovascular diseases and was elevated in model 1 only for endocrine diseases. Results for different time periods showed a similar pattern, with respiratory and digestive diseases generally having the highest HRs (eTable in the Supplement).
Of 
Discussion
In the present study, 9502 of 64 567 participants (14.7%) in the PLCO Cancer Screening trial intervention arm did not fully adhere to the protocol baseline screenings. We observed substantially higher overall mortality (excluding deaths from cancers studied in the trial) among partial adherents and especially among nonadherents compared with full adherents. Participants volunteered for the trial and were offered screening soon thereafter. Therefore, it was unlikely that participants had a preexisting condition that would both increase their mortality risk and preclude adherence to the screening protocol. After adjusting for medical risk factors for mortality such as smoking, BMI, and major comorbidities as well as marital status and educational level, the association remained significant, with an HR of around 1.5 through 10 years for nonadherents. The most cogent explanation for these findings is that nonadherence to protocol screenings was a marker for a general behavioral profile of nonadherence to medical tests and treatments and that this behavioral profile was associated with increased mortality.
Because deaths from cancers studied in the trial were excluded, nonadherence per se with the PLCO Cancer Screening trial screening tests likely had no, or at most very little, direct effect on the outcome being assessed in this study. Therefore, residual confounding with other unmeasured factors that are likely associated with a nonadherence profile must explain the bulk of the remaining excess risk shown in model 2. These factors could include the clustering of various nonadherence behaviors: nonadherence to cancer screening, chronic disease prevention guidelines, and medical tests and treatment. For example, nonadherence to breast and cervical cancer screening correlates with nonadherence to health pre- 
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ventive behaviors, such as avoidance of cigarette smoking and cholesterol level and blood pressure checks. 16 Together, a lifestyle marked by nonadherence to health preventive guidelines and medical tests and treatments may significantly increase mortality risk. Given that a nonadherence behavior profile may have led to prior development of comorbidities, controlling for these factors may have resulted in overadjusting in model 2.
Although we believe that such a general nonadherence phenotype explains the preponderance of the increased risk associated with nonadherence observed in this study, it cannot be ruled out that reverse causation bias may explain a portion of the increased risk. Specifically, some participants may have had an underlying condition(s) at baseline, perhaps incompletely captured by our comorbidity variables, that both made it harder to comply with screening and predisposed the participants to earlier mortality.
Although the literature examining the determinants of adherence to cancer screening may be limited, the literature investigating the determinants of medication adherence is substantial. Determinants of medication adherence include patient-level demographic, sociocultural, and behavioral factors as well as external-level factors, such as complexity of the medication regimen and adverse effects and health system-level factors. 17 Adherence to cancer screening may involve some of the same patient-level factors as well as system-level factors. Adherence to screening in the PLCO Cancer Screening trial varied by smoking status, BMI, and educational level, but the differences were not large. Participants in the PLCO Cancer Screening trial who were nonadherent with baseline screening tended to be nonadherent with postbaseline screenings as well. In a study of Medicare claims data from 1999 to 2012, nonreceipt of cancer screening was associated with mortality after controlling for age and comorbidities. 18 Women not receiving mammography screening in the past 2 years had a 52% increase in the multivariate hazard for overall mortality, and men not receiving prostate-specific antigen screening in the past year had a 23% increase in the multivariate hazard for overall mortality. 18 Because only a small fraction of deaths were from breast or prostate cancer, the authors concluded that this increase was not due to the direct effect of the screenings.
Two European trials of one-time-only colorectal cancer sigmoidoscopy screening presented data on rates of mortality from other causes (noncolorectal cancer) among intervention arm adherents and nonadherents. 19, 20 However, neither trial computed a risk ratio (RR) of nonadherents to adherents nor discussed the observed rates. To facilitate comparisons, unadjusted RRs for mortality from other causes for nonadherents compared with adherents were computed for these trials.
In the United Kingdom Flexible Sigmoidoscopy Screening Trial, 29% of intervention arm participants were nonadherent and the RR of mortality from noncolorectal cancer for nonadherent participants after a median 11 years of follow-up was 1.64 (95% CI, 1.57-1.72). 19 In the SCORE (Screening for Colon Rectum) Italian trial, 42% of participants were nonadherent and, after a median of 11.4 years of follow-up, the RR was 1.55 (95% CI, 1.38-1.73). 20 In comparison, in the PLCO Cancer Screening trial at 10 years, the unadjusted RR for noncompliers was 1.67 (95% CI, 1.56-1.81). In both trials, participants had previously indicated (shortly before randomization) a willingness to undergo screening if asked 19, 20 ; therefore, as in the PLCO Cancer Screening trial, participants were presumably healthy enough to undertake the screening, and thus the nonadherence was not likely caused by the presence of an underlying condition that also predisposed participants to increased mortality. The influence of adherence on mortality has been demonstrated in treatment trials that reported lower mortality by adherence status, even for placebo arm participants. [21] [22] [23] [24] For example, in the Coronary Drug Project, a randomized clinical trial investigating the effectiveness of cholesterollowering drugs on mortality among men after myocardial infarction, 5-year mortality in the placebo arm was 15% among adherents and 28% among nonadherents, with the differences persisting after statistical adjustment for important covariates. 22 Such findings suggest that good adherence to medical treatment is independently associated with lower mortality. These findings have implications for the interpretation of screening and other prevention trials with mortality end points. Because a nonadherence phenotype is associated with higher mortality for causes that are not related to the trial, that phenotype may also convey higher risk for the cause of interest, irrespective of the effect of the intervention being studied. This finding implies that per-protocol analyses, which examine trial results by the intervention that participants actually receive, must be conducted according to methods that eliminate any adherence bias. 25 Furthermore, these results imply that observational studies comparing those who undergo screening with those who do not undergo screening have a high likelihood of bias and that controlling for important demographic, behavioral, and medical history factors may not eliminate this bias.
Limitations and Strengths
This study had several limitations. First, nonadherents had higher rates of missing data-approximately 20% to 25% for demographic, behavioral, and comorbidity variables-than did full and partial adherents (<2%). Although this difference could have affected the multivariate modeling results, we controlled for missing data using indicator variables, thereby limiting the effect of the differential percentage of unknowns. In addition, a complete case analysis, in which participants with any missing data were excluded, showed very similar model results to those obtained with indicator variables. Another limitation was that smoking status, comorbidities, and height and weight were self-reported and therefore subject to inaccuracy. Finally, these results are not applicable to younger adults (<55 years of age).
Although the present study had several limitations, to our knowledge, it is among the first to investigate the association between adherence to cancer screening and mortality from unrelated causes. Other major strengths include its prospective design, large size, and long follow-up. In addition, participants' demographics, behaviors, and chronic disease status were collected at baseline, allowing adjustment of these factors in multivariate analyses.
Conclusions
We found statistically significant and clinically important differences in all-cause mortality, excluding mortality from cancers studied in the PLCO Cancer Screening trial, by cancer screening adherence status; those differences remained significant after adjusting for demographic, medical, and behavioral characteristics. Future studies should investigate this association in clinical care settings outside of a research trial context.
